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ABSTRACT
We investigate the properties of HI-rich galaxies detected in blind radio surveys within the hierarchical struc-
ture formation scenario using a semi-analytic model of galaxy formation. By drawing a detailed comparison
between the properties of HI-selected galaxies and HI absorption systems, we argue a link between the lo-
cal galaxy population and quasar absorption systems, particularly for damped Lyα absorption (DLA) systems
and sub-DLA systems. First, we evaluate how many HI-selected galaxies exhibit HI column densities as high
as those of DLA systems. We find that HI-selected galaxies with HI masses MHI & 108M⊙ have gaseous
disks that produce HI column densities comparable to those of DLA systems. We conclude that DLA galaxies
where the HI column densities are as high as those of DLA systems, contribute significantly to the popula-
tion of HI-selected galaxies at MHI & 108M⊙. Second, we find that star formation rates (SFRs) correlate
tightly with HI masses (MHI) rather than B- (and J-) band luminosities: SFR ∝ MαHI, α = 1.25 − 1.40 for
106 ≤MHI/M⊙ ≤ 10
11
.
In the low-mass rangeMHI . 108M⊙, sub-DLA galaxies replace DLA galaxies as the dominant population.
The number fraction of sub-DLA galaxies relative to galaxies reaches 40% − 60 % for MHI ∼ 108M⊙ and
30%− 80% for MHI ∼ 107M⊙. The HI-selected galaxies at MHI ∼ 107M⊙ are a strong probe of sub-DLA
systems that place stringent constraints on galaxy formation and evolution.
Subject headings: galaxies :evolution - galaxies: formation - quasars : absorption lines -radio lines: galaxies
1. INTRODUCTION
The absorption-line systems found in quasar/gamma-ray
burst spectra, the so-called ”quasar absorption systems”, pro-
vide us with a unique probe of galaxy formation and evolu-
tion processes. The systems offer valuable opportunities to
explore the physical and chemical properties of inter-galactic
media and/or intervening galaxies (e.g., the amount of neutral
gas and metals, the gas dynamics). In particular, because the
absorption feature provides basic information about hydrogen
gas which is a main component of galactic gas, HI absorption
systems have been studied extensively as means of placing
stringent constraints on galaxy formation and evolution.
Recently, radio surveys have provided large samples of HI-
selected galaxies and significantly improved our understand-
ing of galaxy evolution. The HI-selected galaxies have been
explored in blind surveys of the HI emissions, for exam-
ple, the Slice Survey (SS; e.g., Spitzak & Schneider 1998),
the Arecibo Dual-Beam Survey(ADBS; e.g., Rosenberg &
Schneider 2000), the HI Parkes All Sky Survey (HIPASS; e.g.,
Zwaan et al. 2003; Meyer et al. 2004), the HIDEEP survey
(HIDEEP; e.g., Minchin et al. 2003), the HI Nearby Galaxy
Survey (THINGS; Walter et al. 2008), and the Arecibo
Legacy Fast ALFA survey (ALFALFA; e.g., Giovanelli et al.
2005). These surveys result in an accurate measurement of the
basic properties of galactic HI-gas (e.g., the HI mass function,
HIMF). When the HI-selected galaxies exist on a line of sight
to quasar/gamma-ray burst, the HI-selected galaxies can be
HI-absorption systems due to having the HI column densities
as high as those of HI absorption systems. In this paper, using
a model of galaxy formation, we aim to reveal the basic prop-
erties of HI absorption systems by focusing on HI-selected
galaxies in blind radio surveys.
Among the HI absorption systems, damped Lyman α ab-
sorption (DLA) systems have been studied because the high
HI column densities (NHI ≥ 1020.3 cm−2) are considered to
be a good probe of an early stage of star formation processes.
The origin of DLA systems has been argued on the basis of the
observational properties. It has been considered as, for exam-
ple, rapidly rotating gaseous disks of massive spiral galaxies
(e.g., Wolfe et al. 1986), gas-rich dwarf galaxies (e.g., York
et al. 1986), and so on.
Theoretical studies, utilizing numerical simulations and
semi-analytic models, have been tackled to revealing the na-
ture of DLA systems and a relationship to galaxy population
(e.g. Katz et al. 1996; Kauffmann 1996; Haehnelt et al. 1998;
Gardner et al. 2001; Maller et al. 2001; Okoshi et al. 2004;
Okoshi & Nagashima 2005; Nagamine et al. 2004, 2007;
Johansson & Efstathiou 2006; Razoumov et al. 2006, 2008;
Pontzen et al. 2008; Barnes & Haehnelt 2009; Tescari et al.
2009). Although the studies reproduce many properties of
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DLA systems, definite conclusion has not been reached yet.
For example, at high redshifts (z > 2), DLA systems have
high number densities per unit redshift (the incidence rate)
dN/dz and large velocity widths ∆V of the absorption lines.
Using models under an assumption that DLA systems arise
mainly in galactic disks of virialized halos, the high num-
ber densities require large number of less massive galaxies.
However, the predicted velocity widths ∆V of absorption
lines produced by less massive systems appear to be smaller
than the typical values of observed ones (Prochaska & Wolfe
1997). This suggests that the high number densities are also
attributed to large cross sections of the other population, for
example, extended gas that resides within/outside virial radii
of halos, outflow gas due to supernova explosions, tidal gas
related to galaxy interactions, and so on. At high redshifts,
the mixed population, in addition to compact disks, may give
rise to damped Lyman α absorption lines.
There are the dedicated attempts to detect the host galaxies
of DLA systems by optically deep-imaging observations (e.g.,
Steidel et al. 1994, 1997; Le Brun et al. 1997; Rao & Turn-
shek 1998, 2000; Turnshek et al. 2001; Bouche´ et al. 2001;
Bowen, Tripp & Jenkins 2001; Warren et al. 2001; Møller et
al. 2002, 2004; Fynbo et al. 2003; Rao et al. 2003; Chen
& Lanzetta 2003; Lacy et al. 2003; Schulte-Ladbeck et al.
2004; Chun et al. 2006; Gharanfoli et al. 2007). A few cases
of successful identifications suggest that the host galaxies of
DLA systems present mixed morphological types of galaxies.
However, in many cases, it is a challenging task to identify the
host galaxies in the emission of the optical surveys, because
many host galaxies are very faint and/or very compact.
At low redshifts (z < 1), it is expected that more DLA hosts
can be identified even in the case when their luminosities are
low. In the observation, for example, Rao et al. (2003) have
compiled data for host galaxies at low redshifts (z < 1). How-
ever, their sample size is still small (∼ 14). They argued that
the sample is dominated by galaxies with low-luminosities
and small impact parameters. Okoshi & Nagashima (2005)
have theoretically investigated galaxies having HI column
densities as high as those of DLA systems (hereafter, DLA
galaxies) at low redshifts using a semi-analytic galaxy for-
mation model. We concluded that DLA galaxies consist pri-
marily of low luminosity galaxies with small sizes (typical
radius∼ 3 h−1kpc, surface brightness in the B-band 22 to 27
mag arcsec−2). This result is consistent with the observations
that, at low redshifts, DLA systems arise primarily in galac-
tic disks rather than tidal gas caused by galaxy interactions or
gas driven by galactic winds. Moreover, in our conclusion,
(1) DLA galaxies have typical star formation rates (SFRs)
∼ 10−2 M⊙ yr−1 and (2) that the difficulty in identifying
DLA galaxies is due not only to their faintness but also to a
masking effect which occurs when the point spread function
(PSF) of the respective background quasars masks the DLA
galaxies. We suggest that 60% − 90% of DLA galaxies suf-
fer from this masking effect. Thus, DLA galaxies in the local
universe significantly should consist of the optically-faint and
compact systems that require another approach to host galaxy
detection in observations.
To understand DLA systems, it is useful to investigate HI-
selected galaxies detected in radio surveys because they con-
tain a large amount of neutral gas that potentially gives rise
to strong absorption lines when bright emission sources ex-
ist behind them. The ADBS, HIPASS, and THINGS pro-
vide significantly large samples for DLA galaxies compared
to those of the optical counterparts of DLA systems identified
in the optical and near-infrared images at 0 ≤ z ≤ 1 (e.g.
Rao et al. 2003). The large radio samples show interesting
properties (e.g., HI cross-section and HI mass ) of DLA galax-
ies (e.g. Rao & Briggs 1993; Rosenberg & Schneider 2003;
Ryan-Weber, Webster & Staveley-Smith 2003; Zwaan et al.
2005b; Zwaan et al. 2008). Thus, the study of radio sam-
ples can offer statistically valuable information about DLA
galaxies and opportunities for exploring the evolution of DLA
systems. The advantage of using the radio samples is summa-
rized as follows: (1) the radio survey has no bias against op-
tically low surface brightness galaxies that may be missed by
optical and near-infrared surveys, (2) the identification pro-
cess is free from the masking effect because no bright sources
are located behind them, and (3) the sample size is much
larger than those of DLA optical counterparts.
By employing our model for DLA galaxies, we investigate
the number of HI-selected galaxies that can be DLA galaxies.
Next, we focus on the optical properties (e.g., SFR ) of DLA
galaxies to explore how DLA galaxies should be detected
in optical surveys. Finally, we investigate the number of
HI-selected galaxies that can be host galaxies of other quasar
absorption systems such as sub-DLA systems that exhibit
HI column densities lower than those of DLA systems. This
study of HI-selected galaxies offers valuable opportunities
for exploring the low-redshift end of the evolution of DLA
and sub-DLA systems.
In Section 2, we describe our models used in this paper. In
Section 3, we argue a relationship between the HI-selected
galaxies and DLA galaxies. In Section 4, we investigate
the optical/infrared properties of the HI-selected galaxies and
DLA galaxies. In Section 5, we focus on another population
of absorption systems, namely sub-DLA systems, and argue
how they contribute to the local galaxy population. In Section
6, we derive several implications from our results. Finally, we
draw our conclusion in Section 7.
2. MODEL
We employ a semi analytic model of galaxy formation
for DLA galaxies (Okoshi et al. 2004, hereafter Paper I).
It has been shown that this model accounts for the ob-
servational properties of local galaxies, such as luminos-
ity functions and cold gas mass fractions (Nagashima et al.
2001). Previously, we have shown that our model of DLA
galaxies reproduces several optical/near-IR observations for
the host galaxies of DLA systems at low redshift z < 1
(Okoshi & Nagashima 2005, hereafter Paper II). We have
also found a tight correlation between cross sections and HI
masses of DLA galaxies entirely consistent with the ADBS
result (Rosenberg & Schneider 2003). In this paper, we adopt
almost the same model as in Paper II and investigate DLA
galaxies at redshift z = 0 by comparing radio and optical
properties between DLA galaxies and HI-selected galaxies.
The outline of this model is described as follows.
We adopt a standard ΛCDM cosmological model with pa-
rameters, Ω0 = 0.3, ΩΛ = 0.7, Ωb = 0.015h−2, h = 0.7
(where h ≡ H0/100 km s−1 is the Hubble parameter), and
σ8 = 1, the normalization of the power spectrum of den-
sity fluctuations given by Bardeen et al. (1986). The number
of progenitors of a dark halo is given by an extended Press-
Schechter model. The mass function at z = 0 is provided by
the Press-Schechter mass function (Press & Schechter 1974;
Bond et al. 1991; Bower 1991; Lacey & Cole 1993). The re-
alizations of progenitor histories are computed by the method
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developed by Somerville & Kolatt (1999). We focus on halos
with circular velocity Vcirc ≥ 30 km s−1 because we assume
that less massive systems (Vcirc ≤ 30 km s−1) correspond to
diffuse accretion masses. The main difference from the previ-
ous model is a value adopted for the threshold on the accretion
mass, Vcirc,th; Vcirc,th = 40 km s−1 in Papers I and II.
We assume that baryonic gas comprises cold and hot
phases. When a halo collapses, halo gas is assumed to be
shock-heated to the virial temperature of the halo and dis-
tributed in a singular isothermal sphere (hot gas). The gas
component partly cools by radiative cooling processes. The
cooled gas is called ‘cold gas’. Here we use a metallicity-
dependent cooling function (Sutherland & Dopita 1993). Af-
ter the cold gas falls onto a central region of the halo, stars
are formed from the cold gas. The SFR is assumed to be
M˙∗ =Mcold/τ∗, whereM∗ andMcold are the masses of stars
and cold gas, respectively, and τ∗ is the timescale of star for-
mation. We simply assume that the SFRs are constant in the
galactic disks. Following our previous models, we assume the
timescale of star formation; τ∗ = τ0∗ (Vcirc/V∗)α∗ . In Papers
I and II, we found that, to account for several observational
properties of the DLA hosts, τ∗ should be constant with red-
shift and dependent on the circular velocity Vcirc of the halos
hosting DLAs, i.e., (α∗, V∗)=(−2, 300 km s−1). Here we
determine the parameters (α∗, V∗) by matching the HI mass
function to those that have been observed. Initially, we adopt
a set of parameters (α∗, V∗)=(−2, 300 km s−1) and τ0∗ = 1.5
Gyr, the same set as used for the previous model (Constant
Star formation model) in Papers I and II.
Moreover, we also consider another model for star forma-
tion, adopting a different set of parameters (α∗, V∗). Assum-
ing that the star formation timescale τ∗ ∝ V α∗circ, adopting
small (large negative) values of α∗ indicates that the star for-
mation timescales are longer in less massive galaxies. This
leads less massive galaxies to have lower SFRs and then pro-
duces high number densities of low MHI galaxies. Here we
employ a model in which the star formation rates are low
in less massive systems by adopting α∗ = −3. Hereafter,
we call the two models: High Star formation (HS) model
with α∗ = −2 and Low Star formation (LS) model with
α∗ = −3. The normalizations of the star formation timescale,
(τ∗0, V∗)=(1.5 Gyr, 300 km s−1), are identical for both mod-
els.
Supernova feedback processes are incorporated in this
model. The rate of reheating by supernova feedback is
assumed to be M˙reheat = βM˙∗. Because the feedback
process should affect the physical condition of the gas
more drastically in less massive galaxies, we assume that
β = (Vcirc/Vhot)
−αhot
, where the parameter sets, (Vhot,
αhot)=(240 km s−1, 2.5) 1 for the HS model and (320 km
s−1, 2.5) for the LS model, are required to account for the
observed optical luminosity functions of local galaxies. The
results for optical luminosity functions are argued in Section
3.
We include the merging of galaxies in this model. In our
model, when two or more dark halos merge, the central galaxy
in the largest progenitor halo becomes the new central one.
The other galaxies become satellites dwelling in the largest
halo of the central galaxy. We assume that the merging of
1 We here adopt a parameter Vhot = 240 km s−1 slightly smaller than
280 km s−1 adopted in Papers I and II because this better matches the obser-
vational data of HI mass functions as presented below. We have confirmed
that this makes little difference to our previous results in Papers I and II.
galaxies in a common halo occurs due to two types of mecha-
nisms: dynamical friction and random collision. When satel-
lite galaxies merge with the central one, the merging occurs
on the dynamical friction timescale. In the merging of satel-
lites, they collide randomly within the mean-free timescale.
After the merging of two galaxies (e.g., A and B), a starburst
occurs and all cold gas is consumed by the star formation if
the mass ratio, mA/mB (mB > mA), is larger than fbulge
(major merger). Otherwise, no star formation activity occurs
when the mass ratio is smaller than fbulge (minor merger). In
this paper, we adopt fbulge = 0.5 in the same way as in Papers
I and II.
We address the definition of the size and the HI column den-
sity of a DLA galaxy. In this model, the radial distribution of
the HI column density follows an exponential profile with an
effective radius of a gaseous disk, re, obtained by assuming
the specific angular momentum conservation of the cooling
hot gas. The dimensionless spin parameter of dark halos has
a log-normal distribution with an average of 0.06 and a log-
arithmic variance of 0.6. Using the above assumptions, we
calculate the following quantities. The first is the central col-
umn density provided by N0 = Mcold/(2piµmHr2e ), where
mH is the mass of a hydrogen atom and µ(= 1.3) is the mean
molecular weight. In this procedure, in order to take into ac-
count the inclination, µinc = cos θ of gaseous disks in each
galaxy, we create random realizations of the inclinations, and
then calculate the cross section and the column density. The
second is the size of a DLA galaxy defined by a radius R
where NHI = 2 × 1020 cm−2. Here we adopt the conven-
tional threshold for the HI column density of DLA systems.
The third is the HI column density of a DLA galaxy, which is
defined as the column density averaged over radius within R.
3. HI-SELECTED GALAXIES AND DLA GALAXIES
First, we present the optical luminosity function and the HI
mass function (HIMF) of local galaxies provided by the opti-
cal and the radio surveys. These properties are strong indica-
tors used to probe the physical conditions of nearby galaxies
with statistically significant confidence because, for the opti-
cal luminosity function, the sample size of the Sloan Digital
Sky Survey (SDSS) is quite large, more than 30,000 (Blan-
ton et al. 2005), and, for the HIMF, the sample size from the
HIPASS is about 4000 (Zwaan et al. 2005a) .
3.1. Luminosity Function
In Figure 1, we show the luminosity function at redshift
z = 0. Figure 1(a) shows the B-band luminosity function of
galaxies (solid line) in the r band for the HS model. The ob-
servational data are given by the SDSS Data Release 2 (filled
circles; Blanton et al. 2005). We set the supernova feedback-
related parameters, αhot and Vhot, so as to account for the
faint-end slope of luminosity function that is sensitive to the
supernova feedback because it predominantly suppresses the
formation of dwarf and faint galaxies. It appears that the
abundance of bright galaxies (Mr . −20) is slightly higher
than the observation. This is partly because, for simplicity,
we adopt total magnitudes instead of the Petrosian magnitudes
that the SDSS team uses. This makes simulated galaxies more
luminous than the observed ones.
In Figure 1(b), we show the r-band luminosity function
of galaxies (solid line) for the LS model. The LS model
reproduces the faint-end slope of the luminosity function.
However, the abundance of bright galaxies, particularly at
Mr ∼ −20, is slightly lower than that for the HS model
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that reproduces the observation. For the LS model, by adopt-
ing Vhot = 320 km s−1 instead of 240 km s−1 used for the
HS model, the reheating rate by supernova feedback is higher
than that for the HS model. The supernova feedback sup-
presses the formation of bright galaxies more drastically than
the HS model.
In Figures 1( a) and 1(b), we also show the optical luminos-
ity functions of DLA galaxies (dashed lines) for the HS and
LS models, respectively. Here, ‘DLA galaxies’ are selected
by a criterion where the gaseous disks exhibit HI column den-
sities above the threshold, NHI = 1020.3 cm−2, while ‘galax-
ies’ are defined without any thresholds on the HI column den-
sity. The shapes of luminosity functions of DLA galaxies are
similar to those of galaxies in the whole range of the observed
magnitudes, indicating that many (bright and faint) galaxies
have gaseous disks with HI column densities large enough to
give rise to damped Lyα absorption lines when they are on
a line of sight to the background quasar. In other words, the
low-redshift DLA systems arise not only in brightL∗ galaxies
but also in faint ones.
3.2. HI mass function
The HI mass function (HIMF) is one of the most important
statistical properties of local galaxies. While the optical lumi-
nosity function describes the distribution of stellar mass, the
HIMF describes the distribution of cold gas mass. The HIMF
has an advantage in terms of the ability to trace the HI-mass
distribution of galaxies even in the case where the optical lu-
minosities are too faint to identify in optical surveys.
Figure 2(a) shows the HIMF of galaxies for the HS model
(solid line). The predicted HIMF is similar to a Schechter-
type function. Blind 21cm surveys have shown that HI-
selected galaxies follow an HIMF, θ, that can be well fitted
by a Schechter function with a faint-end slope α, θ ∝ MαHI,
e.g., for the HIPASS sample, α = −1.37 in the mass range
107.2 ≤ MHI/M⊙ ≤ 10
10.7 (Zwaan et al. 2005a). However,
because the survey fields and/or the sample sizes are differ-
ent, the slopes of HIMFs still appear to differ from survey
to survey (e.g., α = −1.1 to −1.6). This may be due to
environmental effects in which the slope depends on the lo-
cal galaxy density. Taking into account this uncertainty, we
present the range of HIMFs provided by various blind surveys
(the shaded region; Henning et al. 2000; Springob, Haynes &
Giovanelli 2005; Rosenberg & Schneider 2002, 2003; Zwaan
et al. 1997, 2003, 2005a), together with some individual data
for the HIMF (open squares, Rosenberg & Schneider 2002;
filled circles, Zwaan et al. 2005a).
The HS model produces an abundance of galaxies within
the range of the observational data. Particularly at MHI ∼
109 − 109.5 M⊙ where the sample size provided by the
HIPASS is the largest in the number density (Zwaan et al.
2005a, 2005b), our result is consistent with the observations.
However, in the low-mass end, the predicted abundance is
somewhat lower than the HIPASS observations. Although the
small observational sample at MHI < 108M⊙ accounts for
some uncertainties in the low-mass end, for the HS model,
the underprediction is mainly due to the high star formation
rates suppressing the formation of low MHI galaxies.
In Figure 2(b), we show the HIMF for the LS model
(solid line). The LS model also produces a good match to
the observations. In comparison to the data range of num-
ber densities θ at MHI ∼ 109 M⊙, the LS model produces
an abundance of galaxies corresponding to upper limit of ob-
served number densities, while the HS model produces one
corresponding to lower limit.
In Figure 2, we also show the HIMFs of DLA galaxies
(dashed lines). For the HS and the LS models, the HIMFs
of DLA galaxies are obviously similar to those of galaxies (in
Figure 2(b), the HIMF is almost identical to those of galax-
ies). This result suggests that, in the radio blind surveys, the
HI-selected galaxies mostly have gaseous disks with the HI
column densities as high as those of DLA systems. How-
ever, it should be noted that for the HS model, we find that
the number densities of DLA galaxies are somewhat smaller
than those of galaxies at the low-mass end. This shows that all
galaxies do not have gaseous disks with HI column densities
that are above the DLA threshold.
3.3. Cold gas mass to B-band Luminosity
In Figure 3, we show the ratios of cold gas mass relative
to the B-band luminosity of spiral galaxies for the HS (solid
line) and the LS (dashed line) models, respectively. Symbols
indicate the observations provided by Huchtmeier & Richter
(1988; filled circles), Sage (1993; open circles), and Gar-
nett (2002; open squares). The HI-selected galaxies from the
HIPASS are also included; Koribalski et al. (2004; shaded re-
gion) and Warren, Jerjen & Koribalski (2006; filled triangles).
The HIPASS data from Koribalski et al. (2004) represent the
shaded region because the sample size is large. The cold
gas masses given by the HIPASS and Huchtmeier & Richter
(1988) include only HI.
The results for the HS and LS models show that faint galax-
ies have large mass fractions of cold gas. The mass fractions
of faint galaxies for the LS model are larger than those for the
HS model because the star formation timescales are longer
in faint galaxies. Our result shows that the predicted cold
gas mass fractions are within the range of observational data.
However, taking into account the addition of the HIPASS data,
the cold gas mass fraction was still unable to constrain the star
formation timescale because the range of observed data spans
one or two orders of magnitude, particularly at the faint end.
When the samples of faint galaxies increase in the future, the
ratio MHI/LB of faint galaxies (MB & −16) will constrain
the star formation rates more stringently.
3.4. Number Fraction
For the purpose of evaluating more precisely how many
DLA galaxies contribute to the galaxy population, in Figure
4, we present number fractions of DLA galaxies as a function
of HI mass MHI. The number fraction at each bin of HI mass
is defined as a ratio of the number densities of DLA galaxies
relative to those of galaxies per bin of HI mass. The result for
the HS model (solid line) shows that the number fractions are
almost unity at MHI & 108M⊙ , which suggests a trend that
the gaseous disks of massive galaxies do have high enough HI
column densities to give rise to damped Lyα absorption lines
if a background bright emission source exists along a line of
sight. Noticeably, in the low-mass range MHI . 108M⊙, the
number fractions begin to decrease toward the low-mass end,
e.g., ∼ 0.7 at 107.5M⊙ and ∼ 0.6 at 107M⊙. We find that,
at MHI . 108M⊙, the number distribution of DLA galax-
ies is not identical to that of galaxies. This indicates that the
small amount of HI gas contained in the less massive systems
does not have high enough HI column densities to detect as
DLA systems. For the HS model, at the low-mass end, an-
other population becomes dominant instead of DLA galaxies.
The population at the low-mass end is argued in Section 5.
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The number fractions for the LS model are also shown in
Figure 4 (dashed line). While the number fractions are almost
unity at MHI & 108M⊙, they begin to decrease gradually to-
ward the low-mass end (MHI < 108M⊙). In comparison to
the result for the HS model, the SFRs of less massive galaxies
are low for the LS model. The low SFRs make the HI column
densities of low-MHI galaxies as high as those of DLA sys-
tems. This increase in HI column density causes the number
fractions of DLA galaxies to be large even at the low-mass
end MHI < 108M⊙. The differences between the numbers of
DLA galaxies and galaxies are not as large as those for the HS
model. However, for the LS model, we find a trend similar to
one for the HS model, in which not all galaxies correspond
to DLA galaxies at the low-mass end (e.g., number fraction
∼ 0.9 at MHI ∼ 106M⊙).
4. OPTICAL PROPERTIES OF HI-SELECTED GALAXIES
Here, we investigate the difference between galaxies and
DLA galaxies through the optical/infrared properties of HI-
selected galaxies. It should be noted that galaxies in our calcu-
lation are volume-limited, whereas the observed HI-selected
galaxies are not volume-limited but flux-limited . To draw a
detailed comparison between them, attention needs to be paid
to the difference in the selection criteria. This is an issue that
deserves further investigation.
In Figure 5, we show the predicted distribution of galaxies
and DLA galaxies in the plane of the HI mass and the lu-
minosity by contours for the HS model. In Figure 5(a), we
present the J-band luminosities of the galaxies by contours,
together with the observational data (filled circles, Rosenberg
& Schneider 2000; open circles, Spitzak & Schneider 1998).
Our result is broadly consistent with the observations. In
the blind surveys, it has been investigated whether the HI-
selected galaxies exhibit a correlation between the HI mass
and the J-band luminosity (Rosenberg & Schneider 2003;
Rosenberg, Schneider & Posson-Brown 2005). Although our
result indicates that at MHI & 108 M⊙ there is a correlation
between the luminosities in the J band and the HI masses,
there is no linear relationship between log LJ and logMHI.
The abundance of less massive galaxies (MHI < 108 M⊙)
in the LJ-MHI plane severely depends on formation processes
of less massive galaxies. In our model, we treat halos with
Vcirc < Vcirc,th = 30 km s−1 as a diffuse accretion mass.
We assume that a suppression of galaxy formation within ha-
los with the circular velocities less than Vcirc,th occurs mainly
due to the ionizing background radiation. The presence of the
ionizing radiation prevents the gas from collapsing into a dark
halo because the radiation raises the temperature and pressure
of the gas. As a result of previous studies using hydrodynamic
simulations, the suppression mechanism should be large in
low-mass halos with Vcirc . 30 − 60 km s−1 (e.g., Thoul
& Weinberg 1996; Quinn, Katz & Efstathiou 1996; Wein-
berg, Hernquist & Katz 1997; Navarro & Steinmetz 1997;
Gnedin 2000; Bullock, Kravtsov & Weinberg 2000; Kitayama
& Ikeuchi 2000; Hoeft et al. 2006; Okamoto, Gao, & Theuns
2008). The suppression of galaxy formation in the low-mass
halos with Vcirc < Vcirc,th = 30 km s−1 reduces the number
densities of less massive galaxies. This directly affects the
shape of the luminosity function of galaxies by making a shal-
lower faint-end slope (Nagashima, Gouda & Sugiura 1999;
Somerville 2002; Benson et al. 2002). In the LJ-MHI plane,
the luminosity distribution, particularly at the faint end, also
depends sensitively on Vcirc,th. If the suppression thresh-
old, Vcirc,th < 30 km s−1, the abundance of faint galaxies (
LJ . 10
8L⊙) shows a significant increase. The abundance of
less massive galaxies is a potentially useful probe that places
constraints on Vcirc,th.
In Figure 5(b), we show the number distributions of DLA
galaxies in the LJ-MHI plane by contour lines for the HS
model. The J-band luminosities are broad and span approx-
imately four orders of magnitude, 107 to 1011 L⊙ at MHI
∼ 109M⊙. The luminosity distribution of DLA galaxies does
not significantly differ from that of galaxies (Figure 5(a)). We
find that, for each bin of HI mass (MHI & 108M⊙), the aver-
aged luminositiesLJ of galaxies match those of DLA galaxies
within one σ of error. The main reason is that most galaxies
have gaseous disks where the HI column densities above the
DLA threshold, particularly at MHI & 108M⊙ (see Figure 4).
In Figure 6, for the LS model, we plot the abundances of
galaxies (Figure 6(a)) and DLA galaxies (Figure 6(b)) in the
plane of the HI mass and the J-band luminosity. In Fig-
ure 6(a), our result is consistent with the observations, par-
ticularly at MHI & 109M⊙. It is evident that the number
distributions in the MHI-LJ planes show no difference be-
tween DLA galaxies and galaxies because most galaxies cor-
respond to DLA galaxies for the LS model as shown in Figure
4. Both models successfully reproduce the observed abun-
dance of galaxies at the bright end of J-band luminosities
(LJ ∼ 1010L⊙). However, our models produce wide spreads
at the faint end (LJ . 108L⊙) in the MHI-LJ planes. Thus,
the wide spreads cannot put stringent constraints on the star
formation rates.
Figures 5(c) and 6(c) show the B-band luminosity distri-
butions of galaxies as a function of HI mass for the HS and
LS models, respectively. Obviously, the B-band luminosity
correlates with the HI mass more tightly than the J-band lu-
minosity because the B-band luminosity is more acutely sen-
sitive to the SFR than the J-band luminosity. In observa-
tions, this correlation has been suggested by a survey for op-
tical counterparts of the HI-selected samples. For example,
Doyle et al. (2005) found the optical counterparts of ∼ 84%
among the sample of ∼ 4300 HI-selected galaxies. They ar-
gued that there is a clear trend that more luminous galaxies
have higher radio fluxes. This is consistent with our result.
The results can be of great interest in comparing the radio
properties of nearby galaxies to the optical (e.g., the B-band
) ones.
Furthermore, we focus on a relationship between SFRs and
HI masses in galaxies. In our model, the SFR is propor-
tional to the cold mass with a typical timescale τ∗ as M˙∗ =
Mcold/τ∗. This means that the star formation timescale is in-
duced directly from the slope of the SFR-MHI relation. Figure
7 shows the SFRs in galaxies as a function of HI mass. Fig-
ure 7(a) presents the averages of SFRs in galaxies with one σ
error bars for the HS model (red solid-line) and the LS model
(blue solid-line), respectively. It is evident that massive galax-
ies exhibit high SFRs. When this relation SFR∝MαHI is fitted
by averaged least squares, we find the slope α = 1.25± 0.05
(the HS model) and 1.40±0.07 (the LS model) in the range of
HI mass 106 ≤ MHI/M⊙ ≤ 1011. Moreover, we also show
the SFRs in DLA galaxies as a function of HI mass for the HS
model (red dashed-line) and the LS model (blue dashed-line),
respectively. The average SFRs in DLA galaxies are almost
identical to those in galaxies. The LS model predicts the SFRs
lower than the HS model because, for the LS model, the star
formation timescales are longer particularly for less massive
galaxies.
6 HI-selected Galaxies as a probe of Qusar Absorption Systems
Surveys for emission lines from nearby galaxies have been
attempted to investigate the star formation activity. For exam-
ple, the emission-line images in the Hα band provide valu-
able measurements of the ionizing flux against the interstellar
medium (ISM) and of the SFRs in the ISM (e.g., Kennicutt
1983, 1998, and references therein). Because large samples
of HI-selected galaxies obtained from the blind radio surveys
have become available, some optical surveys have aimed to
detect the Hα emissions from the HI-selected galaxies. For
example, the Survey for Ionization in Neutral Gas Galaxies
(SINGG) focuses on detecting the Hα emissions from the
HIPASS galaxies (e.g., Meurer et al. 2006, and references
therein). The SFRs of ∼ 90 galaxies are successfully esti-
mated by the Hα images of the HIPASS samples.
In Figure 7(b), we plot a contour map between the SFR
and the HI mass in galaxies for the LS model. The SFRs
range widely from 10−4 to 102 M⊙ yr−1 in the mass range
107 . MHI/M⊙ . 10
10.5
. Together with the SFRs based
on the SINGG (filled circles; Meurer et al. 2006), we also
show the SFRs determined from the intensities of infrared
(red dotted box) and radio (green dotted box) emissions from
the HIPASS galaxies: HIPASS Optical Catalogue (HOPCAT;
Doyle & Drinkwater 2006). Furthermore, the SFRs in low
surface brightness galaxies based on the optical and infrared
imaging data are also plotted individually (open circles, van
Zee et al. 1997; filled triangles, O’Neil, Oey, & Bothun 2007;
and filled squares, Rahman et al. 2007). Our result is con-
sistent with the observations because the scatter is similar to
those in the observations for the wide range of the HI masses.
At low-mass end MHI ∼ 107 M⊙, our model would be con-
strained more stringently by further observational measure-
ments of the SFRs in less massive galaxies. This contour map
also shows that the scatter of the SFR is generally smaller
than those in the J-band luminosity. We conclude that, in-
cluding the less massive galaxies (MHI ∼ 107M⊙), the HI
mass correlates with the SFR, e.g., the Hα luminosity more
tightly than the J-band luminosity. We also show the result
of a direct measurement of SFR, ∼ 10−2.2M⊙ yr−1, in the
nearest galaxy (MHI ∼ 109.2M⊙ at z = 0.009) giving rise to
a damped Lyα absorption line (cross; Schulte-Ladbeck et al.
2004). We find that our prediction is consistent with the SFR
in the DLA galaxy that is also within the range of the SFRs
obtained from the HIPASS sample.
The J-band luminosities in the MHI-LJ planes (Figures 5
and 6) show scatters larger than the SFRs in the SFR-MHI
plane (Figure 7(b)). This stems from the fact that the J-band
luminosity is sensitive to the stellar mass rather than the HI
mass. Galaxies have a variety of stellar masses even if they
have the same amount of HI gas. Therefore, the variety of
the stellar masses produces substantial scatters of the J-band
luminosity, as shown in the MHI-LJ planes. Furthermore, the
B-band luminosity correlates with the HI mass more tightly
than the J-band (Figures 5(c) and 6(c)) because the B-band
luminosity is more sensitive to the SFR than the J-band lumi-
nosity.
Figure 8(a) shows the distribution functions of galaxies as a
function of the logarithmic SFR for the HS model (solid line)
and the LS model (dashed line) . It is obvious that the SFRs
range widely from 10−6 to 102M⊙ yr−1. We find the mean
values of the logarithmic SFRs 〈log SFR [M⊙ yr−1]〉 ∼ −3.2
for the HS model and ∼ −3.5 for the LS model. For the LS
model, the number fractions of galaxies with low SFRs (e.g.,
∼ 10−4 M⊙ yr−1) are higher than those for the HS model,
because the star formation timescales for the LS model are
relatively long in less massive systems. This result suggests
that less massive galaxies with low SFRs (. 10−2 M⊙ yr−1)
are numerically dominant.
Figure 8(b) shows the distribution functions of galaxies as
a function of the logarithmic SFR per unit area for the HS
model (solid line) and the LS model (dashed line). The differ-
ence between the two models is clearer than that shown in Fig-
ure 8(a). The LS model obviously predicts smaller SFRs per
unit area than the HS model. The mean values of the logarith-
mic SFRs per unit area in units of M⊙ yr−1 kpc−2 are −3.43
for the HS model and −3.74 for the LS model. When the
large sample of SFRs per unit area in the HI-selected galaxies
becomes available, in addition to the SFRs, the SFRs per unit
area are a good probe of star formation activities.
5. HI-SELECTED GALAXIES AND SUB-DLA SYSTEMS
We focus on HI-rich systems that contribute to the galaxy
population at the low-mass end and make further implications
concerning the relationship between the HI-selected galaxies
and quasar absorption systems. In general, quasar absorption
systems optically thick against ionizing photons are classified
into three morphological types: DLA system (NHI ≥ 1020.3
cm−2), sub-DLA system (1019 < NHI < 1020.3 cm−2), and
Lyman-limit system (NHI & 1017 cm−2). The sub-DLA
system gives rise to HI absorption lines with strong damp-
ing wings in quasar spectra in a manner similar to DLA sys-
tems. From aspects of the study of physical and chemical
processes in gas optically thick against the ionizing radiation
background, sub-DLA systems are also of particular interest.
In recent studies, the basic properties of sub-DLA systems
have been explored in comparison with those of DLA sys-
tems (e.g., Pe´roux et al. 2003, 2005, 2006, 2007; Dessauges-
Zavadsky et al. 2003; Christensen et al. 2005; Tripp et al.
2005; Briggs & Barnes 2006; Prochaska et al. 2006; York et
al. 2006; Khare et al. 2007; Kulkarni et al. 2007; O’Meara
et al. 2007; Meiring et al. 2007, 2008). These studies of-
fer several interesting findings; e.g., (1) sub-DLA systems are
more abundant than DLA systems. The number density of
sub-DLA systems observed in each column-density bin is ob-
viously higher than that of DLA systems at a given redshift;
(2) the metallicities of sub-DLA systems are higher than those
of DLA systems; and (3) the metallicity evolution is posi-
tive: an increase in metallicity with decreasing redshift, from
1/100Z⊙ at z ∼ 4.5 to ∼ 1/3Z⊙ at z ∼ 0.5 ( Pe´roux et al.
2003, 2007).
Here, we argue how the galaxies, in which the HI column
densities are as high as those of sub-DLA systems, contribute
to the galaxy population at redshift z = 0. In Figure 4,
we showed the number fractions of DLA galaxies relative
to galaxies. Our result shows that the number fractions of
DLA galaxies obviously decrease toward the low-mass end.
This indicates that another population contributes to the lo-
cal galaxy population. We refer to galaxies having gaseous
disks that exhibit HI column densities, 1019 < NHI < 1020.3
cm−2, corresponding to those of sub-DLA systems as sub-
DLA galaxies. In our model, the size of a sub-DLA galaxy is
given by the radius R where NHI = 1019 cm−2. The HI col-
umn density of a sub-DLA galaxy is defined as the HI column
density averaged over the radius within R. It has been ar-
gued that HI gaseous disks are truncated at a column density
of ∼ 1019 cm−2 (e.g., Maloney 1993; Corbelli and Salpter
1993). The truncated column density depends roughly on the
number density n and the flux of the ionizing photons φi.
It is simply estimated as Nth ∼ 8 × 1018 cm−2 (φi/10−4
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cm−2 s−1)(n/10−2 cm−3)−1 under a gas temperature of 104
K, which is consistent with the column densities of sub-DLA
systems. Therefore, sub-DLA galaxies having the gaseous
disks with NHI ∼ 1019 cm−2 provide us with useful informa-
tion about the physical condition for gas in the outer part of
galactic disks and for surroundings of disks.
5.1. Number Fraction
In Figure 9(a), we show the number fractions of sub-DLA
galaxies relative to galaxies per bin of HI mass for the HS
model (solid line) and the LS model (dashed line). The num-
ber fraction at each bin of HI mass is defined as a ratio of the
number density of sub-DLA galaxies relative to that of galax-
ies per bin of HI mass. In contrast to DLA galaxies, the num-
ber fractions of sub-DLA galaxies increase toward the low-
mass end, particularly for the HS model. Sub-DLA galaxies
are dominant at the low-mass end while DLA galaxies are
dominant at the high-mass end. For the HS model the number
fractions attain 60% at MHI ∼ 108M⊙ and 80% at MHI ∼
107M⊙, respectively. For sub-DLA galaxies, we find that the
mean HI gas mass 〈MHI〉= 1.7×108M⊙, the mean logarith-
mic HI-mass 〈log(MHI/M⊙)〉 = 6.4, and the cross section
weighted mean HI mass 〈MHI〉 = 7.8 × 109M⊙ , while for
DLA galaxies 〈MHI〉 = 5.6 × 108M⊙, 〈log(MHI/M⊙)〉 =
7.7, and the cross section weighted 〈MHI〉 = 8.2 × 109M⊙
. The results indicate that sub-DLA galaxies are primarily
composed of less massive galaxies rather than DLA galaxies.
It should be noted that, in our result, some systems are iden-
tified not only as DLA galaxies but also as sub-DLA galax-
ies because the gaseous disks having central column densi-
ties higher than the DLA threshold of 1020.3 cm−2 extend
to the edge at which NHI is as low as the sub-DLA thresh-
old of 1019 cm−2. This causes a case where, in a bin of
HI mass, the sum of the number fractions for DLA and sub-
DLA galaxies is not unity (Figures 4 and 9( a)). For the
LS model, at MHI . 109M⊙, the number fractions of sub-
DLA galaxies are lower than those for the HS model, ∼ 40%
at MHI ∼ 108M⊙ and ∼ 30% at MHI ∼ 107M⊙. The
LS model predicts, for sub-DLA galaxies, the mean HI gas
mass 〈MHI〉 = 2.2× 10
8M⊙, the mean logarithmic HI-mass
〈log(MHI/M⊙)〉 = 7.3, and the cross section weighted mean
HI mass 〈MHI〉 = 6.3 × 109M⊙ , while, for DLA galaxies,
〈MHI〉 = 2.9 × 10
8M⊙, 〈log(MHI/M⊙)〉 = 7.4, and the
cross section weighted 〈MHI〉 = 4.3× 109M⊙ .
The main reason for the difference between the number
fractions for the models is that, for the LS model, the SFRs
are relatively low in less massive systems. As shown in Fig-
ure 8(b), the high SFRs for the HS model result in higher sur-
face densities of stars compared to the LS model. This means
that the consumption of neutral gas by star formation result in
a decrease in the HI-column density. This, in turn, increases
the number fraction of sub-DLA galaxies particularly at the
low-mass end. We want to emphasize that, even for the LS
model, the number fractions are not negligible for sub-DLA
galaxies, i.e., 30% − 40% for each bin of HI mass (107 .
MHI/M⊙ . 10
8).
The number fraction may be greatly dependent on the sup-
pression mechanism of forming galaxies embedded in less
massive halos. In our model, the isolated halo must have Vcirc
larger than the threshold, Vcirc,th, which corresponds to the
effective Jeans scale. In Figure 9(b), for the HS model, we
present number fractions of DLA galaxies (dash-dotted line)
and sub-DLA galaxies (dotted line) when Vcirc,th = 40 km
s−1, together with those of DLA galaxies (solid line) and sub-
DLA galaxies (dashed line) when Vcirc,th = 30 km s−1. Be-
cause Vcirc,th provides the lowest mass of dark halos, adopt-
ing a small Vcirc,th generally prompts the formation of less
massive systems. However, we find that the number fractions
show little difference for the cases adopting Vcirc,th = 40 km
s−1 and 30 km s−1. This means that the number fractions
are almost independent of the suppression threshold. Adopt-
ing large Vcirc,th results in reducing the number of galaxies
and DLA galaxies simultaneously, and thus Vcirc,th does not
affect the number fractions. This is also the case for the sub-
DLA galaxies. These results suggest that the uncertainties in
the threshold on halo circular velocity or the ionization history
in the universe do not change our results.
The majority of HI-selected galaxies detected in the lat-
est radio surveys have gaseous disks where the HI column
densities are above the DLA threshold. However, our results
suggest that gaseous disks of less massive galaxies (MHI .
108M⊙) have HI column densities above the sub-DLA thresh-
old. When the observations have sufficiently lower detection
limits (MHI . 108M⊙), the observed populations will switch
from being dominated by DLA galaxies to being dominated
by sub-DLA galaxies. Sub-DLA galaxies will provide us with
stringent constraints on formation and evolution processes of
galaxies.
5.2. Cross Section
Here, we argue how sub-DLA galaxies are detected in ra-
dio observations. In Figure 10(a), we present a contour map
for the cross sections of DLA galaxies as a function of the
HI mass for the HS model. Obviously, the cross sections cor-
relate strongly to the HI masses, and the disk sizes of less
massive galaxies are small; ∼ 3h−1 kpc at MHI ∼ 108M⊙
and ∼ 1h−1 kpc at MHI ∼ 107M⊙. In the observation,
Rosenberg & Schneider (2003) investigated cross sections of
DLA galaxies on the basis of the HI-selected samples in-
cluding the ADBS (∼ 100 galaxies). The observational data
are also plotted as dots in Figure 10(a). Our result is en-
tirely consistent with the observation because the σ-MHI con-
tours obviously trace the observations in the range of HI mass
107 . MHI/M⊙ . 10
10.5
.
In Figure 10(b), we plot the mean logarithmic cross sections
of DLA galaxies with one σ error bars for the HS model (red
line). It is evident that the logarithmic cross section, log σ, is
linearly proportional to the logarithmic HI mass, logMHI; σ
∝ MαHI. For the HS model, we find α = 0.97 ± 0.01 (red
line) at 106 ≤ MHI/M⊙ ≤ 1010.5 when the relation is fitted
by averaged least squares. In Figure 10(b), for comparison
to the result for the HS model, the mean cross sections of
DLA galaxies for the LS model is also plotted (blue line).
For the LS model, the σ-MHI relation has a slope of α =
0.98 ± 0.01 (blue line). We find that there is no significant
difference between the σ-MHI relations predicted by the two
models.
In Figure 10(b), we present a contour map for the cross sec-
tions of sub-DLA galaxies as a function of HI mass for the
HS model. Our result shows that the cross section, σ, tightly
correlates to the HI mass. In the range of the HI mass 106 ≤
MHI/M⊙ ≤ 10
10.5
, we find the slopes α = 0.92 ± 0.01 ( σ
∝MαHI) for the HS model and 0.96± 0.01 for the LS model
when the relation is fitted by averaged least squares. We find
that the slope of the σ-MHI relation is insensitive to the SFRs
in the disks. For comparison to the σ-MHI relation for DLA
galaxies (red line), sub-DLA galaxies have cross sections ob-
viously larger than DLA galaxies because the disk radius at
8 HI-selected Galaxies as a probe of Qusar Absorption Systems
the sub-DLA limit NHI = 1019 cm−2 is typically larger than
that at the DLA limit NHI = 1020.3 cm−2 under our assump-
tion that the radial distribution of HI column density follows
an exponential profile. The HI column densities are relatively
low in the outer part of a gaseous disk whereas the HI column
densities are high in the inner part. This means that the outer
parts (large cross sections) of disks correspond to sub-DLAs
while the inner parts (small cross-sections) to DLAs.
5.3. Size
In Figure 11, we present the distribution functions of (a)
DLA galaxies, (b) sub-DLA galaxies, and (c) galaxies as a
function of the disk radii for the HS model (solid line) and the
LS model (dashed line). The number fraction is defined as a
ratio of the number within each bin of a radius b relative to
the total number. Figure 11(a) shows that the number fraction
increases toward small radii. The mean disk radii of DLA
galaxies are 2.7h−1 kpc for the HS model and 1.7h−1 kpc
for the LS model. The LS model predicts a mean radius of
gaseous disks smaller than the HS model because, for the LS
model, less massive galaxies with small radii contribute to the
population of DLA galaxies (Figure 4). By contrast, at large
radii, the number fractions for the HS model are higher than
those for the LS model.
In Figure 11(b), the distribution functions of sub-DLA
galaxies are similar to those of DLA galaxies. We find the
mean radii of gaseous disks, 3.5 h−1 kpc for the HS model
and 4.4 h−1 kpc for the LS model. Conversely to the results
for DLA galaxies, the HS model produces a mean disk ra-
dius smaller than that for the LS model. This is because, for
the HS model, less massive galaxies (MHI . 108M⊙) with
small disk radii contribute primarily to the sub-DLA popula-
tion (Figure 9).
For both models, the mean radii of sub-DLA galaxies are
larger than those of DLA galaxies because a truncated col-
umn density for sub-DLA galaxies smaller than that for DLA
galaxies results in the mean disk radii of sub-DLA galaxies
larger than those of DLA galaxies. This result suggests that
some massive L∗ galaxies with large disks could also be iden-
tified as host galaxies of sub-DLA systems rather than DLA
systems when a line of sight to the background bright source
is located at the disk edge where the HI column density is
∼ 1019 cm−2.
Zwaan et al. (2005b) investigated the properties of DLA
galaxies at z = 0 in comparison to those of DLA systems
at z > 0 on the basis of an HIPASS sample of 355 radio
emission line maps using the Westerbrock Synthesis Radio
Telescope. They conclude that DLA systems arise in galac-
tic disks because the basic observational quantities of DLA
galaxies are consistent with those of DLA systems obtained
from the optical and UV surveys. They also argue which mor-
phological types of galaxies have HI column densities as high
as DLA systems on the basis of their statistical analysis of the
galaxy population at redshift z = 0. For example, they find
that the median impact parameter between the line of sight to
a background quasar and the galactic center is 5.5h−1 kpc,
which is larger than the typical value of 3.0h−1 kpc for the
HS model in our calculation. This discrepancy stems from
our model taking into account less massive systems below the
observational detection limit. Our result suggests that less
massive systems (MHI . 108M⊙) partly contribute to the
population of DLA galaxy at z = 0 (Figure 4). For DLA
galaxies with the HI mass MHI ≥ 108M⊙, we find the av-
erage values 5.2h−1 kpc (the HS model), consistent with the
observation. Therefore, we want to emphasize that, although
the number fraction of DLA galaxies to galaxies is small in
the low-mass range (MHI . 108M⊙), the contribution of less
massive galaxies to DLA galaxies is not negligible.
Figure 11(c) is similar to Figure 11(a) but for galaxies. The
radius is defined as that at which NHI = 1019 cm−2 given by
ionization equilibrium against the UV background radiation
mentioned above. It should be noted again that there is no cri-
terion when picking out ‘galaxies’ while the sub-DLA galax-
ies are picked out by a condition on the central HI column
density of 1019 ≤ NHI ≤ 1020.3 cm−2. The number frac-
tion of galactic radii increases toward small radii, in a manner
similar to those of DLA and sub-DLA galaxies. We find that
there is little difference in the distribution between the HS and
the LS models. The mean radii are 1.6 h−1 kpc for the HS
model and 1.4 h−1 kpc for the LS model. This indicates that
the difference between the SFRs does not significantly affect
the number fractions. The result shows that the accumulated
number fractions at b ≥ 3 h−1 kpc attain ∼ 17% for the HS
and the LS models, and those at b ≥ 1 h−1 kpc attain ∼ 60%
for the HS model and ∼ 56% for the LS model.
5.4. Star Formation Rate
Figure 12(a) shows the distribution functions of DLA
galaxies as a function of the logarithmic SFR for the HS
model (solid line) and the LS model (dashed line). The SFRs
in DLA galaxies widely range from 10−6 to 102 M⊙ yr−1
similar to those in galaxies shown in Figure 8(a). We find the
mean values of the logarithmic SFRs: 〈log(SFR) [M⊙ yr−1]〉
∼ −2.3 for the HS model and ∼ −3.7 for the LS model. In
comparison to the result (Figure 8(a)) for galaxies without any
threshold on HI column density of gaseous disk, it appears
that in the range of the SFRs . 10−4 M⊙ yr−1 the HS model
predicts the smaller number fractions than those of galaxies.
This suggests that the galaxies with low SFRs do not signif-
icantly contribute to DLA galaxies but they do for sub-DLA
galaxies.
Figure 12(b) shows the distribution functions of sub-DLA
galaxies as a function of the logarithmic SFR for the HS
model (solid line) and the LS model (dashed line). We find
that the mean values of the logarithmic SFRs, 〈log(SFR) [M⊙
yr−1]〉 ∼ −3.7 for the HS and the LS models. The mean val-
ues show little difference between the two models. For the HS
model, sub-DLA galaxies are composed primarily of galax-
ies with low SFRs (∼ 10−4M⊙ yr−1), which is in contrast
with the result for DLA galaxies where the SFRs are high
(∼ 10−2M⊙ yr−1). This stems from the fact that sub-DLA
galaxies consist mainly of the less massive galaxies while
DLA systems consist mainly of massive ones (Figure 9(a)).
We also find that there is no significant difference between
the number fractions of sub-DLA galaxies and galaxies in the
range of the SFRs, . 10−2M⊙ yr−1 (Figure 8(a)).
5.5. Luminosity
In Figure 13, we show the B-band luminosity distribution
as a function of HI mass of sub-DLA galaxies for (a) the HS
model and (b) the LS model. The average luminosities with
1σ error bars are shown as solid lines. Our results show that
massive sub-DLA galaxies are luminous in the B-band. We
find that sub-DLA galaxies have the optical luminosities that
range widely up to ∼ 1011L⊙, with the mean values of the
B band luminosities 〈LB〉 ∼ 4.2 × 108L⊙ for the HS model
and ∼ 3.6 × 108L⊙ for the LS model. The mean luminosi-
ties in the B band differ little because the mean SFR for the
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LS model matches that for the HS model (Figure 12(b)). In
the LB-MHI plane, the luminosity distributions of sub-DLA
galaxies are clearly different for the two models. For the
LS model, sub-DLA galaxies with low HI-mass exhibit low
B-band luminosities down to LB ∼ 106L⊙ while for the
HS model there are no sub-DLA galaxies with luminosities
LB ∼ 10
6L⊙. This difference is attributable to the fact that,
for the LS model, the number fractions of sub-DLA galaxies
with low SFRs are larger than those for the HS model (Figure
12(b)). In addition to the Hα luminosities, the B-band lumi-
nosities of sub-DLA galaxies are a good probe to investigate
the SFRs in less massive galaxies. Together with previous
results, we conclude that sub-DLA galaxies, which typically
comprise less massive systems (〈MHI〉 = 2 × 108M⊙ and
〈log(MHI/M⊙)〉 ∼ 7.5), are compact (〈b〉 ∼ 4h−1 kpc) and
optically faint (〈LB〉 ∼ 4× 108L⊙).
6. DISCUSSION
6.1. HI Mass Functions
Our models produce a good match to the HIMFs given by
various blind radio surveys as shown in Figure 2. However, it
appears that the HS model slightly underpredicts the number
densities at the low-mass end. A different model that adopts
a different threshold for the halo circular velocity of less than
Vcirc,th = 30 km s−1 may provide better agreement with the
observations.
As argued in Section 5, the suppression of forming dwarf
galaxies in halos with small circular velocities may be caused
by the ionizing background radiation. Because the radiation
intensity remains uncertain at low redshift, this may allow to
adopt a threshold smaller than Vcirc,th = 30 km s−1 for cal-
culating the HIMF. The circular velocity threshold Vcirc,th,
which gives the lowest circular velocity for galactic halos,
sensitively depends on the intensity of UV radiation and the
reionization process. Thus, the threshold Vcirc,th should af-
fect the number of less massive galaxies and the shape of
HIMFs. For example, Somerville (2002) investigated the ef-
fect of suppressing the formation of less massive galaxies due
to the squelching of gas infall by the ionizing background ra-
diation in order to resolve the excess number of dwarf galaxies
predicted by a semi-analytic model. They find that halos with
Vcirc,th < 30 km s−1 are not able to accrete gas. This suggests
that photoionization squelching suppresses formation of less
massive galaxies in halos with Vcirc,th < 30 km s−1. How-
ever, Okamoto et al. (2008) argued that, in Somerville (2002),
the fitting function, concerning accreted gas in a halo, overes-
timates the mass of the halo within which gas can cool. On
the basis of the result obtained by the numerical simulation,
the authors require the threshold Vcirc,th to be less than 20 km
s−1. For the HS model in our calculation, adopting a small
threshold of Vcirc,th < 30 km s−1 may produce an increase
of less massive galaxies and give better agreement with the
observed abundance at the low-mass end of HIMFs.
The underestimate of HIMFs at low-mass end might also be
caused by the shape of the adopted halo mass function used
here. In this calculation, we adopt a mass function of dark
halo progenitors given by an extended Press–Schechter for-
malism. The results of the numerical simulations show some
discrepancies between the mass function of dark halos and
those given by the extended Press-Schechter formalism, in
particular for those at the low mass end (e.g., Somerville et
al. 2000; Yahagi, Nagashima & Yoshii 2004; Li et al. 2007).
Although no definite conclusion has yet been reached regard-
ing which mass functions should be adopted here, this may
cause an underestimation of the number densities of less mas-
sive galaxies at MHI . 107M⊙.
It should be noted that there are uncertainties in the deter-
mination of the HIMF slope from observations. The low-mass
end of the HIMF suffers from statistical uncertainties due to
the small sample size. For example, the ADBS sample in-
cludes only a dozen galaxies and the HIPASS does ∼ 40
galaxies with MHI < 108M⊙. Additionally, there are also
uncertainties in the distance estimation (Masters et al. 2004).
However, the HIMF slope should place stringent constraints
on the formation of dwarf galaxies as well as the optical lu-
minosity function. This is a clear point that deserves further
investigation.
It is also valuable to note the total HI mass density param-
eter, that is the HI mass density of galaxies as a fraction of
the cosmic critical density. We find ΩHI = 5.55 × 10−4 for
the HS model and 1.04 × 10−3 for the LS model. In com-
parison to the observations, we find that the HI mass density
parameter for the HS model is consistent with the HIPASS
measurement ΩHI = 3.5 ± 0.4 ± 0.4 × 10−4 (Zwaan et al.
2005a).
6.2. Number Densities
Here we address the number density per unit redshift
dN/dz. Our results present dN/dz of DLA galaxies ∼
4.0 × 10−2 at z = 0 for the HS model and 6.3 × 10−2
for the LS model. The LS model produces larger dN/dz
than the HS model because, for the LS model the low SFRs
in DLA galaxies cause high HI column densities above the
DLA threshold. In observations, the ADBS sample for
DLA galaxies at z = 0 yields dN/dz = (5.3 ± 1.3) ×
10−2 (Rosenberg & Schneider 2003), the HIPASS ∼ (5.8 ±
0.6) × 10−2 (Ryan-Weber, Webster & Staveley-Smith 2003)
and (4.5± 0.6)× 10−2 (Zwaan et al. 2005b). These are con-
sistent with our results. Because our models reproduce the
dN/dz and cross sections, our result suggests that, even in
the case that less-massive DLA galaxies (MHI ∼ 107M⊙)
are taken into account, DLA systems at z = 0 arise primarily
in galactic disks rather than tidal gas caused by galaxy inter-
actions or gas driven by galactic winds.
Furthermore, our models predict dN/dz of sub-DLA galax-
ies: dN/dz ∼ 0.15 for the HS model and ∼ 0.17 for the LS
model. These are roughly 2 − 3 times larger than those of
DLA galaxies. We also find that there is no difference be-
tween the sub-DLA dN/dz for the two models. The reason is
considered as follows. At a given redshift, the dN/dz is de-
scribed as dN/dz ∝ fngalσ, where f is the number fraction
of sub-DLA galaxies to galaxies, ngal is the number density
of galaxies, and σ is the cross section of the galactic disk. We
showed that there is little difference in the cross-sections σ
between the models. However, for the HS model, the num-
ber fractions of sub-DLAs f are larger than those for the LS
model, while the LS model produces the number densities
ngal higher than those of the HS model. This results in no
significant difference between the values fngal and dN/dz
for the two models. Our result is also consistent with an es-
timation of dN/dz = 0.21 at redshift z < 2 on the basis
of an analysis of the HI column density distributions of high-
redshift sample (Pe´roux et al. 2005).
6.3. Further Implications
Many ideas concerning the nature of DLA systems
have been proposed through observational/theoretical studies:
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large, massive spiral galaxies (e.g., Wolfe et al. 1986), gas-
rich dwarf galaxies (e.g., York et al. 1986), proto-galactic
infalling gas that is not virialized (e.g., Haehnelt et al. 1998),
and so on. Although it is not clear which scenarios are valid, a
dramatic change in the nature of DLAs may occur at redshift
z ∼ 2 from the results of the numerical simulations (e.g.,
Gardner et al. 2001; Nagamine et al. 2004, 2007) and semi-
analytic models (e.g., Kauffmann 1996; Maller et al. 2001;
Okoshi et al. 2004; Okoshi and Nagashima 2005; Johans-
son and Efstatiou 2006). At redshift z ∼ 0, the radio ob-
servations suggest that compact HI objects (MHI & 108M⊙)
mainly exhibit the HI column densities comparable to those
of DLA systems. They are consistent with our results show-
ing that compactly bound systems including less massive ones
(MHI ∼ 107M⊙) show the basic properties of DLA systems.
If the compactly bound objects also comprise sub-DLA
galaxies, how can they be detected in the observations? In
future, when the large samples including less massive galax-
ies at MHI . 107M⊙ become available, it is probable to
identify them as sub-DLA galaxies rather than DLA ones.
The HI-selected samples have an advantage in terms of de-
tectability of the optical counterparts over those of quasar ab-
sorption systems, sub-DLA systems. Because the HI-selected
samples provided by the blind surveys are not behind bright
background quasars, they do not suffer from the masking ef-
fect. No glare of background quasars does not prevent from
the detection of weak optical emission lines from the HI-
selected galaxies if their surface brightness is very low. If
the host galaxies of sub-DLA systems are compact, the mask-
ing effect would be serious in the searches particularly for
the optical counterparts of sub-DLA systems just as much as
DLA systems. In the optical surveys for less massive galaxies
(MHI ∼ 107M⊙), it would be quite valuable to pay attention
to some of the difficulties in detecting the sub-DLA hosts due
to the compactness and the faintness.
Some observations suggest that a sub-DLA host comprises
compact and less massive systems (MHI ∼ 107M⊙). For
example, Tripp et al. (2005) explored a nearby sub-DLA
system with logNHI = 19.32 ± 0.03 at zabs = 0.006 on
the periphery of the Virgo Cluster by using the Space Tele-
scope Imaging Spectrograph on board the Hubble Space Tele-
scope. They argue that they could not find any bright galaxies
in the proximity of the line of sight toward the background
quasar PG1216+019. The nearest galaxy is a sub-L∗ galaxy
with a projected distance of ∼ 86h−175 kpc. However, a radio
observation successfully detected the radio emissions using
the Westerbrock Synthesis Radio Telescope (Briggs & Barnes
2006). The emission feature is very compact; it is located
within 30 arcsec (. 4 kpc) of the quasar sight line. They
argue that, because the velocity spread of the emission line
is between 20 and 60 km s−1, the radio emission feature in-
dicates the HI masses, 5 × 106 ≤ MHI/M⊙ ≤ 1.5 × 107.
The result also suggests that compactly bound objects will be
identified as the host galaxies of sub-DLA systems. Indeed,
it may not be surprising that sub-DLA galaxies are very opti-
cally faint, consistent with our result, e.g., the mean luminos-
ity in the B band is LB ∼ 106.1±0.8L⊙ at MHI ∼ 107M⊙
for the LS model. This observation agrees with our prediction
that sub-DLA galaxies with low HI-masses are very faint and
compactly bound objects.
Sub-DLA systems may be associated with high velocity
clouds (HVCs). Some radio observations show that the HVCs
near M31 and M33 have typical HI column densities of 1019-
1020 cm−2, HI masses of 105-106M⊙ and sizes of ∼ 1 kpc
(Westmeier, Braun & Thilker 2005; Grossi et al. 2008). On
the basis of estimates of the dynamical and virial masses,
the HVCs are likely gravitationally bounded systems. For
HI clouds in the Milky-Way halo, some of the absorption
features in the spectra toward the background quasars are
similar to those of intervening quasar absorption systems
(Ben Bekhti et al. 2008). These properties are consistent
with those of sub-DLA systems predicted by our models. It is
probable that these systems are the sub-DLA hosts. To reveal
the sub-DLA hosts, it needs to statistically compare the radio
characteristics of the HVCs with the properties of intervening
HI absorption systems toward quasar/gamma-ray burst.
Further investigation of the sub-DLA hosts requires a large
sample of less massive objects (MHI ∼ 107M⊙), which
would be the candidates for sub-DLA galaxies. Indeed, a
program aimed at obtaining a census of such less massive
objects in a radio survey is now on going. A recent HI
blind survey, the Arecibo Legacy Fast ALFA (ALFALFA)
Survey, aims to detect on the order of 20, 000 extragalactic
HI emission sources out to z ∼ 0.06 including ones with
HI masses MHI < 107.5M⊙ by covering 7000 deg2 of sky
(Giovanelli et al. 2005). This survey is specifically designed
to determine the basic properties of HI-selected galaxies sta-
tistically, including the determination of the HIMF, particu-
larly at the faint end (MHI < 108M⊙). In conjunction with
optical studies, the ALFALFA survey will provide us with the
basic properties of the optically faint and less massive galax-
ies including several results presented here: the SFR-MHI re-
lation, the relationship between HI cross section and MHI,
and the HI diameter function. The ALFALFA survey is able
to map the peripheries of HI-selected galaxies to a HI column-
density limit on the order of 5 × 1018 cm−2 that corresponds
to the threshold of the sub-DLA systems. This means that the
survey also provides valuable opportunities for exploring the
nature of quasar absorption systems, e.g., sub-DLA systems.
In the near future, comprehensive studies based on large sam-
ples of low HI-mass objects will reconcile the local galaxy
population with the quasar absorption systems.
7. CONCLUSION
We have investigated the properties of HI-selected galaxies
in comparison with quasar absorption systems at redshift
z = 0 within a hierarchical galaxy formation scenario using
a semi-analytic model. By drawing a detailed comparison
between the properties of the HI-selected galaxies and the
HI absorption systems, we find that DLA galaxies consist
primarily of optically-faint, compactly bound-systems.
Furthermore, for the purpose of reconciling the quasar
absorption system with the galaxy population, we have
investigated the properties of local HI-selected galaxies. The
main conclusions are summarized as follows.
1. The SFRs in HI-selected galaxies correlate tightly with
the HI masses, SFR ∝ MαHI, α = 1.25 − 1.40 in the range
of HI mass 106 ≤ MHI/M⊙ ≤ 1011 (Figure 7). The SFR
ranges widely from 10−6 to 102 M⊙ yr−1 with the mean
logarithmic SFR 〈logSFR [M⊙ yr−1]〉 ∼ −3 (Figure 8). In
contrast, the relationship between the J-band luminosity and
the HI mass is quite broad (Figures 5 and 6).
2. There is no statistically significant difference between HI
mass functions of DLA galaxies and galaxies at MHI & 108
M⊙ (Figure 2). This suggests that DLA galaxies correspond
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primarily to HI-selected galaxies detected in blind radio
surveys at MHI & 108 M⊙ (Figure 4).
3. Sub-DLA galaxies will replace DLA ones as the
dominant population (Figure 9) at the low-mass end
(MHI . 108M⊙). The number fractions of sub-DLA galax-
ies to galaxies are between 40% and 60% at MHI ∼ 108M⊙
and between 30% and 80% at MHI ∼ 107M⊙. If the
detection limits on the HI mass in the blind radio surveys are
low enough to detect less massive systems (MHI ∼ 107M⊙),
the population detected by the surveys will switch to being
dominated by sub-DLA galaxies instead of DLA ones. In ad-
dition to being a good probe of DLA systems, the HI-selected
galaxies can be a strong probe of sub-DLA systems.
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FIG. 1.— The r-band luminosity functions of galaxies (solid line) and DLA galaxies (dashed line). Panel (a) shows the results for the HS model and panel (b)
shows those for the LS model. The observational data from the SDSS DR2 (filled circles; Blanton et al. 2005) are also shown.
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FIG. 2.— HI mass functions of galaxies (solid line) and DLA galaxies (dashed line). Panel (a) shows the results for the HS model and panel (b) shows those
for the LS model. The shaded region represents the region of HIMFs given by various blind surveys (Henning et al. 2000; Rosenberg & Schneider 2002, 2003;
Springob, Haynes, & Giovanelli 2005; Zwaan et al. 1997, 2003, 2005a). The points are the observational data provided by the ADBS (open squares; Rosenberg
& Schneider 2002) and the HIPASS (filled circles; Zwaan et al. 2005a).
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FIG. 3.— Cold-gas masses relative to the B-band luminosities of galaxies. The lines represent the medians for the HS (solid line) and LS (dashed line) models.
The symbols indicate the observational data given by Huchtmeier & Richter (1988; filled circles), Sage (1993; open circles) and Garnett (2002; open squares).
The HI-selected galaxies from the HIPASS are also included; Koribalski et al. (2004; shaded region) and Warren, Jerjen & Koribalski (2006; filled triangles).
Note that the cold gas mass from the HIPASS and Huchtmeier & Richter (1988) includes only HI.
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FIG. 4.— Histogram of number fractions of DLA galaxies. The number fraction at each bin of HI mass is defined as a ratio of the number density of DLA
galaxies to that of galaxies per bin of HI mass. The results for the HS and LS models are represented as by solid and as dashed lines, respectively. (A color
version of this figure is available in the online journal. )
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FIG. 5.— Luminosities of galaxies and DLA galaxies as a function of HI mass at redshift z = 0 for the HS model. The contour levels are shown in order from
outer to inner at an interval of 10−4 based on the calculated number of galaxies and DLA galaxies per logarithm of luminosity per logarithm of HI mass. (a) The
contour map for the HI mass, MHI, vs the luminosity in the J band, LJ, of galaxies. The symbols indicate the observational data from the ADBS data (filled
circles, Rosenberg & Schneider 2000; open circles, Spitzak & Schneider 1998). (b) The contour map for MHI vs LJ of DLA galaxies. (c) The contour map for
MHI vs the luminosity in the B band LB of galaxies.
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FIG. 6.— Luminosities of galaxies and DLA galaxies as a function of HI mass at redshift z = 0 for the LS model. The contour levels are shown in order from
outer to inner at an interval of 10−4 based on the calculated number of galaxies and DLA galaxies per logarithm of luminosity per logarithm of HI mass. (a) The
contour map for the HI mass, MHI, vs the luminosity in the J band, LJ, of galaxies. The symbols indicate the observational data from ADBS data (filled circles,
Rosenberg & Schneider 2000; open circles, Spitzak & Schneider 1998). (b) The contour map for MHI vs LJ of DLA galaxies. (c) The contour map for MHI vs
the luminosity in the B band LB of galaxies.
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FIG. 7.— (a) Star formation rates in galaxies as a function of HI mass at redshift z = 0 for the HS model (red solid line) and the LS model (blue solid line).
Error bars with the averages indicate one σ errors. The SFRs in DLA galaxies are also shown for the HS model (red dashed line) and the LS model (blue dashed
line). (b) The contour map for the SFR vs. the HI mass MHI in galaxies for the LS model. The contour levels are shown in order from outer to inner at an
interval of 3× 10−4 based on the calculated number of galaxies per logarithm of SFR per logarithm of HI mass. The star formation rates of the sample from the
Survey for Ionization in Neutral Gas Galaxies are shown as filled circles(Meurer et al. 2006). The SFRs from optical and infrared surveys are also presented as
open circles (van Zee et al. 1997), filled triangles (O’Neil, Oey, & Bothun. 2007) and filled squares (Rahman et al. 2007). The SFRs in the HOPCAT galaxies
obtained from the infrared survey (red dotted box) and the radio ones (green dotted box) are also presented (Doyle & Drinkwater 2006). A SFR in an optical
counterpart of a DLA system is plotted by cross (Schulte-Ladbeck et al. 2004).
20 HI-selected Galaxies as a probe of Qusar Absorption Systems
FIG. 8.— (a) Distribution functions of galaxies as a function of the logarithmic star formation rate (M⊙ yr−1) for the HS model (solid line) and the LS model
(dashed line). (b) The distribution functions of galaxies as a function of the logarithmic star formation rate per unit area (M⊙ yr−1 kpc−2]) for the HS model
(solid line) and the LS model (dashed line).
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FIG. 9.— (a) Histogram of number fractions of sub-DLA galaxies for the HS model (solid line) and the LS model (dashed line). The number fraction at each
bin of HI mass is defined as a ratio of the number density of sub-DLA galaxies relative to that of galaxies per bin of HI mass. (b) The histogram for number
fractions of DLA and sub-DLA galaxies with the different thresholds for the halo circular velocity, Vcirc,th, in the HS model. In the case of Vcirc,th = 30
km s−1, the number fractions of DLA and sub-DLA galaxies are shown as solid line and dashed lines, respectively. In the case of Vcirc,th = 40 km s−1, the
number fractions of DLA and sub-DLA galaxies are shown as dash-dotted dotted lines, respectively.
22 HI-selected Galaxies as a probe of Qusar Absorption Systems
(a) DLAs (b) Sub-DLAs
FIG. 10.— (a) Contour map for HI mass MHI vs the cross section σ of DLA galaxies for the HS model. The contour levels are shown in order from outer
to inner at an interval of 2 × 10−4 based on the calculated number of galaxies per logarithm of cross section per logarithm of HI mass. The dots represent the
observational data provided by a blind radio survey (Rosenberg & Schneider 2003). (b) The contour map for MHI vs. σ of sub-DLA galaxies for the HS model.
The contour levels are the same as those presented in panel (a). For comparison, the mean cross sections of DLA galaxies with 1σ error bars are also shown for
the HS model (red line) and the LS model (blue line).
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FIG. 11.— (a) Distribution functions of (a) DLA galaxies, (b) sub-DLA galaxies, and (c) galaxies as a function of the radii for the HS model (solid line) and
the LS model (dashed line). The number fraction is defined as a ratio of the galactic number within each bin of a radius b to the total number.
24 HI-selected Galaxies as a probe of Qusar Absorption Systems
FIG. 12.— (a) Distribution functions of DLA galaxies as a function of the logarithmic star formation rate (M⊙ yr−1]) for the HS model (solid line) and the LS
model (dashed line). (b)The distribution functions of sub-DLA galaxies as a function of the logarithmic star formation rate (M⊙ yr−1) for the HS model (solid
line) and the LS model (dashed line).
OKOSHI et al. 25
6 7 8 9 10
6
8
10
(a)
6 7 8 9 10
(b)
FIG. 13.— Contour map for MHI vs LB of sub-DLA galaxies for (a) the HS model and (b) the LS model, respectively. The contour levels are shown in order
from outer to inner at an interval of 10−4 based on the calculated number of galaxies and DLA galaxies per logarithm of the B-band luminosity per logarithm of
HI mass. The mean luminosities with 1σ error bars are shown as solid lines.
